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Despite this all three species accumulated significant DNA photoproducts. We also found a positive
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species, Bryum pseudotriquetrum and Ceratodon purpureus, with more DNA damage in samples
collected early in the season compared to later in the summer. For B. pseudotriquetrum negative
associations were also observed between photoproduct accumulation and both turf water content and
the 10 day mean air temperature. Photoproduct accumulation in the endemic species Schistidium
antarctici was similarly high across the season and no significant association with environmental
variables was found. Our results are consistent with the two cosmopolitan species having somewhat
higher UV-B screening capabilities and possibly more efficient mechanisms for repairing DNA damage
than the endemic S. antarctici
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Abstract
The susceptibility of three East Antarctic moss species to UV-B radiation was examined by
measuring accumulation of cyclobutane pyrimidine dimers under natural sunlight during the
austral summer season of 2002/03. The 2002/03 season was characterised by unusually low
springtime ozone depletion and as such our results likely underestimate the DNA damage
possible in a more typical UV-B radiation season. Despite this all three species accumulated
significant DNA photoproducts. We also found a positive association between photoproduct
accumulation and incident UV-B radiation in the two cosmopolitan species, Bryum
pseudotriquetrum and Ceratodon purpureus, with more DNA damage in samples collected
early in the season compared to later in the summer. For B. pseudotriquetrum negative
associations were also observed between photoproduct accumulation and both turf water
content and the 10 day mean air temperature. Photoproduct accumulation in the endemic
species Schistidium antarctici was similarly high across the season and no significant
association with environmental variables was found. Our results are consistent with the two
cosmopolitan species having somewhat higher UV-B screening capabilities and possibly more
efficient mechanisms for repairing DNA damage than the endemic S. antarctici.

Introduction
Ozone depletion above the Antarctic has resulted in large increases in springtime UV-B
radiation (UV-B) over the last four decades and full recovery of the austral ozone layer is not
expected until after 2060 (McKenzie et al. 2007). UV-B radiation is damaging to biological
molecules including DNA, proteins, lipids and photosynthetic pigments. Plants can protect
themselves from UV-B induced damage by screening UV-B before it reaches these molecules
(Cockell & Knowland 1999) or by repairing damage once it has occurred (Britt 2004;
Robinson et al. 2003). Whilst UV-B screening compounds and structures are a feature of the
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epidermal layers of many higher plants, the simple structure of bryophytes, particularly the
lack of epidermal layers, was assumed to render them particularly vulnerable to UV-B
damage (Gwynn-Jones et al. 1999). However, recent work suggests that some bryophyte
species have high resilience to UV-B radiation (Boelen et al. 2006; Clarke & Robinson 2008;
Dunn & Robinson 2006; Lud et al. 2002; Newsham 2003; Newsham et al. 2002).
Since bryophytes represent a major component of vegetation in polar ecosystems where ozone
depletion is most severe, the increase in UV-B radiation exposure might be expected to have a
negative impact on the Antarctic flora. Previous studies have shown that several Antarctic
moss species accumulate UV-B screening compounds (Dunn & Robinson 2006; Lovelock &
Robinson 2002; Newsham 2003; Newsham et al. 2002) and in a few polar and alpine
bryophytes concentrations of these compounds correlate positively with exposure to UV-B
radiation (Arróniz-Crespo et al. 2006; Dunn & Robinson 2006; Lappalainen et al. 2008;
Newsham 2003). However, other species show a limited capacity to acclimate to UV-B. Of
the three moss species dominant in the Windmill Islands of East Antarctica, the two
cosmopolitan species, Bryum pseudotriquetrum and Ceratodon purpureus, were found to
accumulate two-fold higher concentrations of total (methanol soluble and cell wall) UV-B
absorbing compounds than the endemic Schistidium antarctici (Clarke & Robinson 2008;
Dunn & Robinson 2006; Lovelock & Robinson 2002). Damage, in the form of abnormal
morphology and loss of photosynthetic pigments, under ambient UV-B has also been reported
in this endemic species (Robinson et al. 2005). If UV-B screening capacity in S. antarctici is
insufficient to protect chlorophyll we postulated that DNA damage might also accumulate as
a result of UV-B exposure.
The most common type of UV-B induced DNA damage is pyrimidine dimers (Britt 2004).
These photoproducts distort the structure of DNA, blocking DNA transcription and
replication and causing reductions in plant growth rate (Britt 2004; Jiang et al. 1997). In high
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numbers they are cytotoxic and mutagenic (Britt 2004; Taylor et al. 1997). DNA
photoproducts that form in mature plant cells are repaired by photoreactivation, a lightdependent process that requires UV-inducible enzymes Nucleotide excision repair is a lightindependent process that is prevalent in proliferating cells (Kimura et al. 2004). Since both of
these repair methods are enzymatic processes, their effectiveness could be limited when
plants are exposed to low temperatures (MacFadyen et al. 2004; Pakker et al. 1999) or
desiccation (Buffoni-Hall et al. 2003) as is frequently the case for polar mosses.
UV-induced DNA damage has been measured in a few terrestrial polar organisms including
the mosses, Sanionia uncinata (Boelen et al. 2006; Lud et al. 2002), Chorisodontium
aciphyllum, Warnstorfia sarmentosa and Polytrichum strictum (Boelen et al. 2006), the alga
Prasiola crispa (Lud et al. 2001) and the Patagonian herb, Gunnera magellanica (Giordano
et al. 2003; Rousseaux et al. 1999). Whilst ambient UVB radiation failed to produce
significant levels of DNA damage in the Antarctic mosses (Boelen et al. 2006; Lud et al.
2002), damage was detected in both the alga and the herb (Giordano et al. 2003; Lud et al.
2001; Rousseaux et al. 1999). Supplementating the UV-B dose, approximately 10-fold,
resulted in measurable DNA damage in Sanionia uncinata but not in the other mosses, and all
such damage to mosses was repaired overnight (Boelen et al. 2006; Lud et al. 2002).
Accumulation of DNA damage is a useful parameter to compare UV tolerance between
Antarctic moss species. Long term field experiments are logistically challenging in
continental Antarctica and measurements of growth and reproduction difficult in these tiny,
slow growing and clonally reproducing cryptogams (Clarke et al. 2008; Clarke, Robinson,
Hua & Fink pers. comm.; Selkirk & Skotnicki 2007) Commonly measured parameters in UVB studies, such as growth, morphology or production of protective pigments exhibit great
interspecies variation and maybe difficult to attribute specifically to UV-B (Boelen et al.
2006). Lack of information on the functional significance of some of these parameters can
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likewise hamper conclusions about the UV tolerance bestowed. Since accumulation of DNA
damage balances the ability to specifically screen UVB with potential for DNA repair it
provides a short-term indication of a species’ relative genetic UV-B sensitivity (Hidema et al.
2007).
This study measured UV-B induced DNA damage as accumulation of cyclobutane pyrimidine
dimers (CPDs), the most common type of UV-induced DNA damage (Britt 2004), using an
enzyme-linked immunosorbent assay (ELISA). We determined CPD accumulation in three
Antarctic moss species under natural UV-B irradiation across a summer season and examined
the relationship between DNA damage and environmental and turf parameters. Our
hypotheses were that 1) S. antarctici would accumulate higher concentrations of
photoproducts due to its lower capacity to screen UV-B at the cellular level, and 2) that both
UV-B radiation dose, and factors which slow enzymatic repair, such as reduced temperature
or desiccation, would increase the accumulation of photoproducts in these mosses.

Materials and Methods
Study sites and sampling
The Windmill Islands (centred at 66˚22’ S, 110˚30’ E) is a region of ice-free islands and
peninsulas on the eastern coastline of Antarctica. The climate is classified as frigid Antarctic
(sensu Longton 1988) and further described in Melick & Seppelt (1997) and Dunn &
Robinson (2006). Despite this harsh climate, the Windmill Islands region supports some of
the most extensive and complex bryophyte communities on continental Antarctica.
Three moss species are found in the region; Schistidium antarctici (Cardot) L.I. Savicz &
Smirnova (formerly known as Grimmia antarctici) is endemic to the Antarctic continent,
while both Bryum pseudotriquetrum (Hedw.) Gaertn., B. Mey. & Scherb and Ceratodon
purpureus (Hedw.) Brid. have cosmopolitan distributions. Species distribution within the
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bryophyte community generally follows the moisture gradient, with S. antarctici associated
with low-lying wetter areas, C. purpureus more common in the higher, drier areas and B.
pseudotriquetrum co-occurring with both. This distribution relates to the desiccation tolerance
of each of the three species (Robinson et al. 2000; Wasley et al. 2006). Samples were
collected from within Antarctic Specially Protected Area (ASPA) 135 on Bailey Peninsula
from the site designated ASPA 1 in Dunn & Robinson (2006).
Each moss species was sampled on 20 separate dates during the summer season of 2002/03
(180 samples in total, n=60 per species) from randomly selected sampling sites. The first
samples were taken as soon as substantial turf was exposed from under winter snow cover (9th
November 2002), and then every three to six days until 1st February 2003. Prior to sampling,
turf surface temperature was measured using an Infrared thermometer (Scotchtrack T Heat
tracer IR1600L; 3M, Austin TX, USA). Moss samples (2 cm2) were removed from the turf at
midday. Care was taken not to shade moss during sampling and samples were immediately
put in the dark on ice and transported to the Station Science Building. Within 3 h of sampling
the photosynthetically active shoot tips (3-5 mm) were removed from each sample in a –20 °C
freezer room. Samples were frozen in liquid N2 and transported to Australia for DNA
extraction and analysis of DNA photoproducts. A subset of each sample was dried to constant
weight, extracted in acidified methanol (methanol:H2O:HCl; 79:20:1) and analysed for UV-B
absorbing pigment concentration using the method described in Lovelock & Robinson (2002).
Remaining gametophyte material was weighed and oven-dried for turf water content (TWC)
determination as described in Robinson et al. (2000).
DNA Extraction
DNA was extracted from all samples using a modification of the method of Mason & Schmidt
(2002). Each sample (50-100 mg fresh weight) was frozen in liquid nitrogen and ground to a
fine powder. The homogenate was resuspended in 1.5 mL DNA extraction buffer and DNA

6

subsequently purified as described in Mason & Schmidt (2002). DNA concentration and
purity for each sample were determined spectrophotometrically (UV-1601 UV visible
spectrophotometer, Shimadzu, Melbourne, Australia). Samples were then diluted in TE [10
mM Tris (pH 8), 1mM EDTA] buffer to achieve a concentration of 4 ng/µl.
Quantification of DNA Photoproducts by ELISA
The concentration of CPDs was quantified by ELISA in a method modified from Taylor et al.
(1996) using TDM-2 monoclonal antibodies specific for CPDs (O. Nikaido, Kanazawa
University, Japan; Mori et al. 1991). The detection system used in the ELISA was modified
from the 1,2-orthophenylenediamine method used by Taylor et al. (1996) with an Amplex red
system substituted in order to optimise sensitivity (Leslie 2003).
FluorotracTM microtitre plates (Greiner Bio-one, Austria) were coated with protamine
sulphate (Sigma, Australia) to reduce non-specific binding of the primary antibody to the
plate. 200 µL of a 1% (w/v) solution of protamine sulphate was added to each well. Plates
were incubated for 2 h at 37 °C then washed twice with sterile water and left to dry overnight
at 30 °C. 200 ng of moss DNA was placed in each well (50 µL of 4 ng/µL moss DNA
solution) and left to dry for 48 h at 37 °C. Plates were then washed four times in phosphate
buffered saline (0.8 M disodium hydrogen orthophosphate, 0.2 M sodium dihydrogen
orthophosphate, 1 M sodium chloride pH 7.5) with 0.02% Tween-20 (PBS-T). 200 µL of
blocking solution (1% heat denatured casein and 0.01 % thimerosal in PBS-T, pH 7.4) was
added to each well and plates incubated for 2 h in the dark at room temperature. Plates were
washed five times in PBS-T. Primary antibody against CPDs (TDM-2) was diluted 1:1000 in
PBS and 50 µL added to each well. Following incubation at room temperature in the dark for
90 min, plates were washed five times with PBS-T. Secondary antibody (biotin goat antimouse IgG, Sigma- Aldrich, Sydney, Australia) was diluted 1:1000 (v/v) in blocking solution
and 50 µL added to each well. Plates were incubated for 90 min in the dark at room
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temperature and then washed five times in PBS-T. HRP conjugated Streptavidin enzyme
amplification reagent was prepared by diluting 1 mg/mL streptavidin and 1 mg/mL HRPbiotin conjugate 1:400 (v/v) in blocking solution. 50 µL of this solution was added to each
well and plates were again left in the dark at room temperature for 90 min. 100 µl of
developer solution (50 µM Amplex® Red reagent [10-acetyl-3,7-dihydroxyphenoxazine;
Molecular Probes, USA]), 200 µM hydrogen peroxide, 0.05 M sodium phosphate buffer, pH
7.4) was then added to each well. After incubation for 30 min in the dark, fluorescence was
measured using a fluorescence plate reader (Fluostar Optima, BMG Labtech Pty Ltd.,
Mornington, VIC, Australia) equipped with a filter set for excitation and emission at 540 and
590 nm respectively, to give a quantitative assay of CPD concentration.
DNA from each individual moss sample was plated into four wells of a 96 well plate.
Standards containing pre-irradiated and un-irradiated calf thymus DNA (0.6 ng DNA) were
also plated onto each ELISA plate and used as positive and zero internal controls,
respectively, to set the gain on the plate reader and allow comparisons between plates. The
relative fluorescence value for each moss sample was calculated by normalising to the preirradiated and unirradiated calf thymus controls on the respective plates. The relative standard
deviation of the mean for calf thymus values across all experiments was 0.070 and 0.035 for
pre-irradiated and un-irradiated DNA respectively (n=180).
Climate data
Climatic data (including temperature, wind speed and precipitation) covering October 2002 to
February 2003 was obtained from the Australian Bureau of Meteorology (Casey Station) as
detailed in Dunn & Robinson (2006). The metadata record for station air temperature (BarnesKeogahn 2007) was used to calculate the 38 year mean for each of the summer months from
1969-2007. The position of instruments collecting meteorological data changed in 1989 but
there is no obvious effect of this move on the air temperature data.
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Radiation measurements were obtained from Australian Radiation Protection and Nuclear
Safety Agency (ARPANSA) sensors situated on the roof of the station’s accommodation
building. The sensors provided UV-B (International Light UVB radiometer, wavelength range
280 - 315 nm), total ultraviolet (TUV; Eppley total UVR radiometer; 290 - 400 nm) and
biologically effective UV (Solar Light UV Biometer, SL501) radiation data (for details see
Roy et al. 1998). Data were downloaded and converted as described in Dunn & Robinson
(2006). The biometer sensor data was converted to standard erythemal dose and this metadata
(Gies & Roy 2001) was used to construct the 10 year means for the summer months from
1996-2006. Total UV radiation was used as a proxy for Total Solar Radiation (TSR) as the
station TSR sensor was not calibrated in 2002/03. Dunn & Robinson (2006) found this
parameter responded similarly to changes in cloud and daylength and was a suitable substitute
for TSR. No radiation data were collected between 25th December 2002 and 2nd January 2003.
Data on the thickness of the ozone layer above the Windmill Islands region were obtained
from the National Aeronautical and Space Administration web site (NASA 2006).
Statistical analysis
Means for the various climate, radiation and moss physiology parameters were calculated for
the pre-solstice (9th November - 23rd December) and post-solstice (24th December - 1st
February) periods of the sampling season and were compared using ANOVA. The
accumulation of CPDs for each independent moss sample was calculated as the mean relative
fluorescence of its four replicate DNA samples. Means for each sampling date where then
calculated from these individual sample means. The effect of species and time (pre- or postsolstice) on CPD accumulation was analysed using two-way ANOVA. Where significant
differences were observed post hoc Tukey-HSD tests were performed.
Regression analyses were performed to determine which individual and combined parameters
best predicted the accumulation of CPDs for each species. Environmental factors were

9

considered individually and as part of multiple regression models (see Dunn & Robinson
2006). For each environmental factor, the means and maxima for the 24 h, 5 d and 10 d
preceding moss sampling were calculated and fitted into models. The best fit for each
individual environmental parameter (1, 5 or 10 d) was then included in the respective models.
Due to the high degree of correlation between radiation parameters, all could not be included
in the model, thus a substitution process was utilised. Similarly only one measure (1, 5 or 10 d
mean) per environmental factor was included in any particular model. Due to the high number
of environmental variables, stepwise regression was employed initially to determine which
parameters were most significant. A process of substitution then compared all possible
combinations of multiple regression models and the best selected by optimising r2 adjusted
Statistical analyses were conducted using JMP 5.1 and SAS 10 (SAS Institute, Cary, NC,
USA) computer packages.

Results
The 2002 ‘ozone hole’ and incident UV-B radiation
In September 2002 atypical atmospheric conditions caused the ozone hole to split into two,
one part of which rapidly dissipated while the second returned to the pole as a much smaller
vortex (Allen et al. 2003). This led to an unusually small ‘ozone hole’ both in depth and area
with a seasonal (November 2002 to February 2003) mean ozone column depth above Casey
of 339 Dobson units (DU). Variation in ozone depth above Casey was still evident with
periods of low ozone (<300 DU) in late November and January (Supplementary Fig. A). The
minimum and maximum ozone depth for the season were 260 DU and 440 DU on 30th
January and 20th February respectively. Unusually for recent years, mean ozone depth was
significantly higher in the pre-solstice period than post-solstice (Table 1).
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Daily UV-B dose is highly affected by cloud cover, solar declination and daylength which can
mask the effect of ozone levels on incident UV-B. Daily UV-B dose increased from mid
November with highest values recorded in the broad peak before the solstice. The highest
UV-B of the season (10 min. dose) was recorded on 28th November during a period of ozone
depletion, whilst the highest daily UV-B dose occurred on 16th December (Supplementary
Fig. A). The ratio of UV-B to TUV radiation (Supplementary Fig. B) confirms that UV-B was
high relative to other wavelengths pre-solstice. Since daily UV-B dose was highest before the
solstice (P=0.002; Table 1) but daily TUV dose did not change significantly, the ratio of UVB/TUV radiation was 75% higher in the pre-solstice than post solstice period (P=0.001; Table
1).
Interannual comparison of monthly effective UV-B
Although standard erythemal dose is weighted to the more damaging parts of the UV-B
spectrum for human exposure rather than plant damage, the accuracy and long term nature of
this data set enables a comparison between seasons, as a reliable record for Casey is available
since 1996. Figure 1A compares the monthly mean SED for the 2002/03 season with the 10
year mean from 1997 to 2007. SED in 2002/03 was lower than the long term mean in all
months except January. Between September and November the 2002 SED was 75% or less of
the 10 year mean value for these months.
Air temperature
Air temperature (AT) increased from November to January then decreased through February
and March (Supplementary Fig. C and Fig. 1B). The AT was significantly cooler, by almost 3
˚C, in the pre-solstice period than after the solstice (P<0.0001, Table 1). The season daily
minimum AT of –18.2 ˚C occurred on 1st November, after which, AT remained above -10 ˚C
throughout the summer. The daily maximum AT exceeded 0 ˚C on 33% of the pre-solstice
days compared with 90% of post-solstice days, with the season maximum of 4.9 ˚C recorded
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on 3rd January (Supplementary Fig. C). Minimum AT dropped below zero overnight on all but
two days in January.
Interannual comparison of air temperature
Figure 1B compares the monthly mean AT in 2002/03 with the 38 year mean (1969-2006).
The 2002/03 season was cooler by 0.9 and 1.3˚C in October and December respectively but
1.5˚C warmer than the long term mean in November. The temperatures for September and
January to March were typical for the region.
Other climate factors
The 2002/3 season was also characterised by low wind speeds. Just one in ten days
experienced gales (>60 km.hr-1) compared to a long term annual mean of one in four
days (Melick & Seppelt 1997). It was significantly windier in the pre-solstice period
than after the solstice (P=0.025, Table 1). Mean precipitation from November to March
was low compared to the long term, averaging 0.6 mm d-1.
Accumulation of DNA damage over the 2002/3 season
The seasonal accumulation of CPDs in the three species of moss is shown in Figure 2.
Seasonal mean CPDs (relative fluorescence units per 200 ng DNA) for the three moss species
were similar, S. antarctici (0.155±0.013), B. pseudotriquetrum (0.151±0.012), and C.
purpureus (0.146±0.012). Both C. purpureus and B. pseudotriquetrum showed significantly
lower accumulation of CPDs in samples collected after the solstice compared with presolstice samples (Fig. 3A) whereas CPDs in S. antarctici showed no seasonal trend (species
by time interaction F5,174 = 3.5, P=0.033). Post-solstice CPD accumulation was 53% and 73%
of pre-solstice accumulation in B. pseudotriquetrum and C. purpureus respectively.
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Turf water content, turf temperature and UV-B absorbing compounds
Turf water content (TWC) was significantly higher in B. pseudotriquetrum and S.
antarctici than in C. purpureus (Fig. 3B). All species had a significantly lower TWC
early in the season. No significant difference in turf temperature was observed either
between species or across the season (data not shown). Throughout the season turf
temperatures for all species were consistently more than 11 ˚C above the corresponding
air temperatures on sampling days. Methanol soluble UV-B absorbing compounds were
significantly higher in B. pseudotriquetrum (mean±SEM, 500 ± 30 A280-320 g-1 DW),
intermediate in C. purpureus (269 ± 16 A280-320 g-1 DW) and lowest in S. antarctici (143
± 7 A280-320 g-1 DW). There was no seasonal change in these compounds.
Relationship between accumulation of DNA damage and UV-B exposure
Both B. pseudotriquetrum and C. purpureus showed significant positive associations between
the accumulation of CPDs and ambient UV-B radiation (Supplementary Table). For B.
pseudotriquetrum the strongest associations were observed between DNA damage and the
daily radiation parameters (Daily UV-B and TUV doses) with the best fit achieved with UVB/TUV radiation (r2= 53%, Fig. 4A). For C. purpureus radiation parameters over the
preceding 5 days gave better fits than those for daily dose (Supplementary Table). Five day
mean dose of both UV-B and TUV showed strong positive associations, with the ratio of
these two parameters again providing the strongest fit (r2= 60%, Fig. 5). Turf water content
and the 10 d mean of air temperature were both negatively associated with the accumulation
of CPDs in B. pseudotriquetrum (r2 = 47 and 51%, respectively; Supplementary Table, Figs.
4B & C). CPD accumulation in S. antarctici was not significantly associated with any of the
environmental parameters tested, either as single or multiple factors in models.
The best two factor multiple regression model for CPDs in B. pseudotriquetrum included
TWC and daily UV-B dose (Table 2) and explained 72% of the variability (F2,15 = 19.3;
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P<0.0001). The model described a positive association with UV-B and a negative association
with TWC. The best three factor multiple regression model for CPDs in this species included
TWC and daily UV-B dose and wind speed (Table 2) and explained 77% of the variability
(F3,14 = 15.4; P<0.0001). The model described a positive association with UV-B and a
negative association with TWC. Substituting the radiation parameters UV-B/TUV, UV-B
maximum or TUV radiation, into these models produced similar but marginally lower r2
values. Additional environmental factors provided no significant improvement on the single
regressions for 5 d radiation means for C. purpureus described above.
Discussion
This field study coincided with anomalous stratospheric dynamics in 2002, which caused
warming of the polar vortex and an early dissipation of the Antarctic ‘ozone hole’ (Allen et
al. 2003). The resultant springtime UV-B (SED) flux was 25% lower than the 10 year mean
(Fig. 1A). Despite this DNA photoproducts accumulated in all three moss species examined
and, given the unusually deep ozone layer in 2002, this may well underestimate the damage
possible in seasons with a more typical ‘ozone hole’. In addition there was less DNA damage
in the two cosmopolitan species, B. pseudotriquetrum and C. purpureus, sampled later in the
season compared to pre-solstice (Fig. 3A) and a positive association between photoproduct
accumulation and incident UV-B radiation in both these species (Figs. 4A & 5). For B.
pseudotriquetrum negative associations were also observed between photoproduct
accumulation and both turf water content (TWC) and the 10 d mean air temperature (Fig. 4BC). Photoproduct accumulation in the endemic species S. antarctici was similarly high across
the season and no significant association with environmental variables was found. These
results contrast with those involving four other Antarctic mosses where ambient UV-B
resulted in no significant DNA damage (Boelen et al. 2006; Lud et al. 2002). The only other
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report of DNA damage in an Antarctic moss (S. uncinata) required supplementation to 2.5 W
m-2 UV-B and CPDs were transient and were repaired overnight (Lud et al. 2002).
The observation that both B. pseudotriquetrum and C. purpureus accumulate fewer DNA
photoproducts in the later part of the season could be due to either reduced initial damage or
increased repair of damage. The positive association with UV-B radiation suggests that the
lower DNA damage in these species post-solstice is due to the 70% reduction in daily UV-B
radiation (Table 1). However, several environmental factors that could influence the rate of
DNA repair were also more favourable later in the season. Post-solstice, air temperatures were
almost 3 ˚C warmer, wind speeds were reduced by 30% and turf water content was 21-38%
higher (Fig. 3). Given that no other environmental parameters showed significant associations
with photoproduct accumulation in C. purpureus, reduced UV-B post-solstice remains the
strongest argument for the 27% decrease in DNA damage. In B. pseudotriquetrum the
decrease in DNA damage was larger (47 %) and in this species strong negative associations
were observed between photoproduct accumulation and both TWC and the preceding 10 d
mean air temperature. The association of lower CPD content with high TWC and higher air
temperatures suggests that repair of DNA damage is also enhanced later in the season.
In studies of algae, lichens and Daphnia, UV-B exposure at low temperatures (0-5 ˚C) led to
higher net accumulation of DNA damage compared with that at warmer temperatures (12-25
˚C), due to reduced rates of repair at the lower temperatures (Buffoni-Hall et al. 2003;
MacFadyen et al. 2004; Pakker et al. 1999). Similarly in this study B. pseudotriquetrum may
be able to sustain higher rates of photoproduct repair later in the season and this would
contribute to the reduced accumulation of CPDs. Thus the combination of reduced damage
and enhanced repair might explain why this species had the lowest level of CPDs in the postsolstice period.
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In general effects of ambient levels of UV-B on plants have been relatively minor but a few
high latitude studies have found larger growth reductions (Caldwell et al. 2007; Rozema et al.
2006; Searles et al. 2001). Caldwell et al. (2007) have suggested that low capacity for DNA
repair may be a feature of high latitude regions where species have evolved under low levels
of ambient UV-B. Some studies have demonstrated CPD accumulation under ambient UV-B,
for example in the South American herb, Gunnera magellanica (Rousseaux et al. 1999) and
in an Antarctic terrestrial alga Prasiola crispa (Lud et al. 2001). In G. magellanica a positive
dose response between UV-B and CPD accumulation was observed (Rousseaux et al. 1999)
and growth reductions in this species most likely result directly from DNA damage, rather
than via indirect effects of UV-B such as reactive oxygen species production and associated
lipid peroxidation (Giordano et al. 2004). The South American study included ozone
depletion events much greater than observed in our study, with a minimum ozone depth of
170 DU. This resulted in a 65% increase in CPD levels compared to samples taken when the
overhead column ozone was 300 DU. Such large fluctuations in stratospheric ozone were not
observed at Casey during 2002/03, but if the association between CPD accumulation and UVB/TUV radiation is extrapolated to the radiation experienced at Casey during the 1999/2000
season, CPD accumulation would have more than doubled.
Although our results do not definitively show that any of the species is more sensitive to UV
induced DNA damage, the lower CPD accumulation post-solstice is an indication of enhanced
resistance to UV-B in the two cosmopolitan mosses. This is consistent with an accompanying
laboratory study using enhanced UV-B radiation (8.5 W m-2) where S. antarctici accumulated
twice the CPDs of B. pseudotriquetrum and 4 times those of C. purpureus (Leslie 2003). In
addition a long term screening experiment has also shown S. antarctici to be negatively
affected by ambient UV-B radiation (Robinson et al. 2005).
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Both of the cosmopolitan species in this study show equivalently high overall concentrations
of UV-B screening compounds, more than 2 fold higher than S. antarctici. Bryum
pseudotriquetrum accumulates more methanol soluble compounds (Dunn & Robinson 2006;
Lovelock & Robinson 2002) whilst C. purpureus has a higher concentration of wall-bound
UV absorbing compounds (Clarke & Robinson 2008). Higher concentrations of UV absorbing
compounds should provide better screening and thus reduce DNA damage (Schmitz-Hoerner
& Weissenbock 2003). Soluble UV-B absorbing compounds in B. pseudotriquetrum and
anthocyanins in C. purpureus can also respond to changing UV-B (Dunn & Robinson 2006;
Lewis Smith 1999; Post 1990) although this was not apparent in the present study either
because the season was too short or ozone depletion was insufficient to induce acclimation.

Conclusions
Given that moss growth is strongly dependent on water, the availability of which is related to
air temperature, 2002/03 was a benign season with the lowest incident UV-B and most
abundant melt of the last decade. Despite these favourable conditions DNA photoproduct
accumulation was apparent in the three moss species. Accumulation of DNA damage in both
cosmopolitan moss species was positively associated with UV-B dose. In one species B.
pseudotriquetrum we also found negative associations between CPDs and both TWC and air
temperature perhaps indicating a greater role for enzymatic repair when conditions were
warmer and wetter. This study provides further evidence that the endemic moss S. antarctici
is more susceptible to UV-B induced DNA damage.
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1

Table 1 Difference in mean environmental parameters measured pre-solstice (9th

2

November - 23rd December) and post- solstice (23rd December – 1st February) over the

3

2002/03 summer season in the Windmill Islands region, East Antarctica. Data are

4

means ± SEM and ANOVA summary results are shown.

5

Parameter

Pre-solstice

Post-solstice

F

P

(Mean ± SEM)

(Mean ± SEM)

Daily UV-B dose (KJ m-2)

14.7±1.47

8.6±1.11

F1,76=10.6

0.002

Daily TUV dose (KJ m-2)

1926±88.9

1754±88.1

F1,73=1.8

0.19

UV-B/TUVR daily dose

0.007±0.0006

0.004±0.0005

F1,74=11.1

0.001

Ozone daily mean (DU)

342±4.4

309±2.8

F1,74=39.1 <0.0001

Air temperature daily mean (˚C)

-3.12±0.22

-0.36±0.22

F1,85=79.3 <0.0001

Wind speed daily mean (km h-1)

21.3±2.5

14.8±1.1

F1,83= 5.22

0.025

6
7
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1

Table 2 Summary data for 2 and 3-factor multiple regression models showing associations

2

between climate factors and cyclobutane pyrimidine dimers in Bryum pseudotriquetrum over

3

the 2002/03 summer season in the Windmill Islands region, East Antarctica. Environmental

4

variables, direction of the association and significance of each effect in the model are shown.
Model terms r2

Predictor variable (slope)

2-factor
(F2,15 = 19.3;
P<0.0001)
3-factor
(F3,14 = 15.4;
P<0.0001)

72%

77%

F

P

Turf Water content (-)

F1,15 = 22.8

<0.001

Daily UV-B dose* (+)

F1,15 = 8.0

0.013

Turf Water content (-)

F1,14 = 11.2

0.005

Daily UV-B dose* (+)

F1,14 = 11.9

0.004

F1,14 = 2.9

0.11

Wind speed (daily mean) (+)
5
6
7

*Substituting daily UV-B dose with daily TUV dose or UV-B/TUV produced similar but marginally worse
models.
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1

Figure legends

2

Figure 1: Monthly variation in UV-B radiation (standard erythemal dose, A) and mean air

3

temperature (B), in the 2002/03 summer season (grey bars) relative to the long term means

4

(10 years for SED data, 38 years for air temperature; white bars) at Casey Station in the

5

Windmill Islands region, East Antarctica. For long term means error bars represent ±SEM.

6

Figure 2: Accumulation of cyclobutane pyrimidine dimers (CPDs) in field samples of

7

Ceratodon purpureus, Bryum pseudotriquetrum and Schistidium antarctici over the 2002/03

8

summer season. The line indicates the summer solstice (23rd December). Data are means ±

9

SEM of three separate moss samples collected on each sampling date, except for the first

10

sampling date where n=1.

11

Figure 3: Pre- and post-solstice mean accumulation of cyclobutane pyrimidine dimers (CPDs:

12

A) and turf water content (B) in field samples of Ceratodon purpureus, Bryum

13

pseudotriquetrum and Schistidium antarctici for the 2002/03 summer season. Significant

14

differences (P<0.05) between early and late season means within a species are indicated by

15

asterisks, whilst different letters denote species that show different turf water means

16

throughout the season. For all species data are means ± SEM, n=33-37 pre-solstice and n=26-

17

28 post-solstice.

18

Figure 4: Mean concentration of cyclobutane pyrimidine dimers (CPDs) in Bryum

19

pseudotriquetrum as a function of the daily ratio of UV-B to total UV radiation (A), the 10 d

20

mean of air temperature (B) and the turf water content (C). Data are mean ± SEM, n=3 except

21

for symbols with no error bars where n=1. Regression details A) r2 = 53%, CPD = 0.057 +

22

12.2 UVB/TUV daily mean radiation; B) r2 = 51%, 0.094 - 0.026 AT10; C) r2 = 47%, CPDs =

23

0.27 - 0.022TWC.

27

1

Figure 5: Mean concentration of cyclobutane pyrimidine dimers (CPDs) in Ceratodon

2

purpureus as a function of the ratio of UV-B to total UV radiation (5 d mean). Data are mean

3

± SEM, n=3 except for symbols with no error bars where n=1. Regression details r2 = 60%,

4

CPDs = 0.03 + 16.5UV-B/TUV 5 d mean radiation.
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Supplemental data
Supplementary Table Data from linear regression analyses showing associations between
environmental parameters and accumulation of cyclobutane pyrimidine dimers in two
Antarctic mosses over the 2002/03 summer season in the Windmill Islands region, East
Antarctica. For Bryum pseudotriquetrum only those parameters that gave r2 values > 20% are
shown. All parameters that gave significant regressions (P > 0.1) are shown for Ceratodon
purpureus. No significant regressions were obtained for Schistidium antarctici.
Environmental variable

r2 (%) Slope

F

P

Bryum pseudotriquetrum
Air temperature (10 day mean) 51

-0.026

F1,19=20.1

0.0003

Turf Water content*

47

-0.022

F1,18=16.3

0.0008

Daily UV-B dose*

49

4.3 x 10-3 F1,17 = 15.6 0.001

Daily TUV dose*

47

8.1 x 10-5 F1,17 = 14.9 0.001

UV-B/TUV daily dose*

53

12.2

5 day UV-B dose

22

4.9 x 10-3 F1,17 = 4.53 0.049

5 day UV-B/TUV

31

17.2

Daily UV-B dose

19

1.9 x 10-3 F1,18=4.2

0.055

Daily UV-B/TUV

17

4.62

0.075

5 day UV-B dose

53

5.4 x 10-3 F1,18=18.8

0.0004

5 day TUV dose

33

8.1 x 10-5 F1,18 = 8.4

0.01

5 day UVB/TUV

60

16.5

0.0001

F1,17 = 19.2 0.0004

F1,17 = 7.28 0.016

Ceratodon purpureus

F1,18=3.6

F1,18=25.3

*1 outlier was excluded from these analyses to achieve homogeneity of variance.
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Supplementary Figure. Daily variation in UV-B radiation (280-315 nm) and ozone layer
thickness (A), the proportion of UV-B to total UV radiation (UV-B/TUV; B) and air
temperature (C) from November 2002 to February 2003 at Casey Station in the Windmill
Islands region, East Antarctica. No radiation data were collected from 25th December 2002 to
2nd January 2003.
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